An intact method for measuring immediately linear rates of acetylene reduction was used to investigate the relationship between temperature, pH, 02 concentration, and light intensity with the rate of root-associated nitrogenase activity in rice (Oiyza sadva L.). Nitrogenase activity varied over a temperature range of 10 to 50°C and optimal rates of acetylene reduction were recorded at 35°C. Nitrogenase activity was also influenced by the pH of the liquid surrounding the roots prior to assay. Maximal rates of acetylene reduction were recorded over a pH range from 5.8 to 7.5.
Studies of the physiology of root-associated nitrogenase activity in grasses has been impeded by the lack of satisfactory methods to determine rates of acetylene reduction. Measurements of acetylene reduction with soil cores of field grown grasses in Brazil have been reported to be linear with time immediately after samples had been collected (11) . Because the soil core method does not distinguish microsites of nitrogen fixation, acetylene reduction by excised roots ofgrasses has been accepted as evidence that the living roots of grasses support nitrogenase activity. However, acetylene reduction by roots from these grasses is detectable only after 8 to 18 h of incubation at low 02 tension (1, 5, (8) (9) (10) has been suggested that this prolonged initial period of no activity signifies that the roots of these grasses did not support nitrogenase activity before the plants were disturbed (10) . Also, van Berkum (9) concluded that roots of undisturbed grasses should be considered to support nitrogenase activity only if acetylene reduction is detected immediately after their excision from plants. Furthermore, van Berkum and Sloger (12, 13) have reported that acetyler -reduction in air is detectable with roots of saltmarsh grasses ar 1 rice grown in saltmarsh sediment immediately after their excision from plants. Immediately linear rates of acetylene reduction have been reported for these plants with intact methods for measurement of root-associated nitrogenase activity (13) . This method has been used to interrelate plant age, fertilizer N application, NRA,2 and GS with root-associated nitrogenase activity in rice (14) .
The intact method for measurement of acetylene reduction was used to investigate the effects of temperature, pH, 02 tension, and light intensity on root-associated nitrogenase activity in rice.
MATERIALS AND METHODS
Plants. Rice (Oryza sativa L.) cultivar 'M9' was grown in saltmarsh sediment as previously described without the addition of fertilizer N (14) . The water in which the plant growth containers were placed was heated to day/night temperatures of 35/26°C in the greenhouse. The plants were grown until flowering before they were harvested for the experiments to ensure that maximal rates of root-associated nitrogenase activity had developed (14) .
Measurement of Acetylene Reduction. The rates of nitrogenase activity were determined with a modified, intact-root assay method enabling linear rates of acetylene reduction to be recorded immediately after preparing the plants for the determinations and upon the addition of acetylene to the assay chambers (13) . The assay chambers used by van Berkum and Sloger (14) were replaced by 473-ml Mason jars with Plexiglass lids designed to accomodate the plant stems, to allow the exchange of water in the jars for argon and acetylene, and to sample for acetylene reduction (Fig.  1) . The preparation of the plants to determine nitrogenase activity and the methods of gas analysis were as previously described (12) (13) (14) .
Temperature. Jars containing submerged roots of intact plants were placed in waterbaths at 10, 20 lene reduction at 35°C by four replicate plants at each concentration of 02 were determined with 60-min assays. In a second experiment, the 02 concentrations in roots of rice were reduced by removing the plant tops below the water level and leaving the cut ends submerged for 4 h before samples were prepared for measurement of nitrogenase activity. The rates of acetylene reduction at 35°C were determined with four replicates at 0.00, 0.05, 0.10, 0.25, 0.50, 0.75, and 1.00%/ 02 (V/V).
pH. The pH of the water in the jars containing the roots of intact plants was adjusted by adding K-phosphate solutions to final concentrations of 0.05 M. The pH of the water in each jar was adjusted by altering the quantities of K2HPO4 and KH2PO4 added. The roots were exposed to the solutions at 35°C for 3 h before the rates of acetylene reduction at 35°C were determined. The solutions from each jar were collected separately and the pH measured. Control plants did not receive K-phosphate.
Light Intensity. 
RESULTS
The rate of root-associated nitrogenase activity in rice grown in saltmarsh sediment was observed to vary significantly over a temperature range of 10 to 50°C (Fig. 2) . The rates of acetylene reduction were maximal at 35°C. Negligible rates of root-associated nitrogenase activity were observed at 10 and 50°C.
The pH of the liquid surrounding the roots of rice before the measurement of acetylene reduction also significantly influenced the rate ofnitrogenase activity (Fig. 3) . Maximal rates of acetylene reduction were recorded at a pH range of 5.8 to 7.5. The rates of acetylene reduction by controls did not appear to be significantly different from plants treated with buffer, suggesting that shortterm exposures to phosphate do not affect root-associated nitrogenase activity in rice.
Concentrations of 02 of 0.5% (v/v) or more in the assay jars prior to the measurement of acetylene reduction significantly reduced the rate of root-associated nitrogenase activity in rice (Fig. 4) . The rate of nitrogenase activity in jars amended with 0.1% (v/v) 02 (273) + 78 nmol C2H4/g dry root * h) was not significantly different from those in which no 02 was added (287 (6) . We observed that the rates of acetylene reduction increased from 221 ± 73 to 445 ± 125 nmol C2H4/g dry root .h 2 h after removing the tops of rice and leaving the ends open to the atmosphere. In contrast, the rate of nitrogenase activity decreased from 258 ± 22 to 103 ± 26 nmol C2H4/g dry root.h when the tops of rice were removed and the cut ends had been sealed with caulking compound for 2 h. When the plant tops were removed and the cut ends were sealed by submerging in water for 4 h before measurement of acetylene reduction, low concentrations of 02 in the assay jars significantly stimulated root-associated nitrogenase activity (Fig. 5) . Maximal rates of nitrogenase activity were recorded at 0.25% (v/v) 02 concentrations. The rate of nitrogenase activity was 17 ± 9 nmol C2H4/g dry root-h at 0.25% (v/v) 02 when the cut ends of the plants had been sealed for 16 h before the measurement of acetylene reduction. The rate of rootassociated nitrogenase activity in rice also appeared to be sensitive to high concentrations of 02 surrounding the leaves since acetylene reduction by the roots of plants with their tops in clear plastic cylinders (13) Preliminary results suggested that light intensity reaching the leaves of rice also affected the rate of root-associated nitrogenase activity. The rates of acetylene reduction measured at 350 C by plants in sunlight in the greenhouse (1,400 tE/m2 s) and in the dimly lit headhouse (9.6 tLE/M2.s) were 853 ± 95 and 144 ± 27 nmol C2H4/g dry root * h, respectively. Time-course measurements of acetylene reduction showed that the rate of nitrogenase activity significantly decreased 15 min after plants were moved into the dimly lit area (Fig. 6) . The rate of nitrogenase activity did not significantly change when the plants were kept in the headhouse for a subsequent 45 min, but recovered to a rate similar to that before shading when the plants were returned to the greenhouse. A further shading experiment indicated that the rate of rootassociated nitrogenase activity in rice decreased when the light intensity reaching the canopy is progressively reduced (Fig. 7) . On the other hand, root-associated nitrogenase activity in rice appeared to be less sensitive to prolonged darkness once the plants had been shaded. Acetylene reduction rates by plants kept in darkness 24, 48, and 72 h were 95, 64, and 45% the rate determined after 1 h shading, respectively. VAN 
BERKUM

DISCUSSION
The rate of root-associated nitrogenase activity in rice measured with short-term assays (up to 2 h) of linear rates of acetylene reduction immediately after disturbing the plants is dependent on temperature, pH, 02 tension, and the light intensity reaching the leaves. This technique has also revealed that the rate of rootassociated nitrogenase activity in rice is dependent upon plant age and correlates inversely with the concentration of combined N of the roots (14) . Such details of the physiology of root-associated nitrogenase activity in grasses have not previously been available because short-term techniques for measuring immediately-linear rates of acetylene reduction similar to our methods were not used.
Diurnal cycle studies ofacetylene reduction have been suggested to demonstrate a link between photosynthesis and nitrogenase activity in grasses (3, 4, 7) . However, van Berkum and Bohlool (10) questioned the interpretation that light incidence during day/ night cycles was solely responsible for the observed diurnal variations on nitrogenase activity in grasses. The diurnal variations of nitrogenase activity measured with soil cores of grasses have been reported to be influenced by temperature changes during the day/ night cycle (2, 11) . The temperature of soil cores of Brachiaria mutica and Sorghum vulgare in Brazil were reported to fluctuate between approximately 20 and 35°C during day/night cycle investigations (1 1). We observed that the rate of acetylene reduction by rice was also significantly influenced by temperature and that the rate of root-associated nitrogenase activity in this grass at 35°C is 5-fold higher than at 20°C. Our results with rice support the suggestion of van Berkum and Bohlool (10) that measurements of rates of acetylene reduction during day/night cycles without controling the temperature do not demonstrate that the photosynthetic rate in grasses influences nitrogenase activity. However, in our study, the light intensity incident upon the leaves of rice also significantly influenced the rate of root-associated nitrogenase activity when measurements were made at a constant root temperature of 35°C. This observation suggests that, in addition to temperature, products from photosynthesis in rice may also influence the rate of root-associated nitrogenase activity.
Gases have been reported to move readily from the leaves to the roots of rice, and this characteristic has been exploited to measure acetylene reduction with intact plants (13, 15) . The intact method for measuring root-associated nitrogenase activity in this study has been suggested to determine rates of acetylene reduction at 02 concentrations occurring naturally in undisturbed plants because the tops protrude from the assay jars (13) . We observed that additional 02 in the assay jars decreased the rate of rootassociated nitrogenase activity in rice suggesting that the 02 concentration occurring naturally in undisturbed plants is appropriate for nitrogen fixation. Removing the plant tops and sealing the cut ends lowered the rate of acetylene reduction, but the addition of 02 under these conditions stimulated nitrogenase activity (Fig. 5) . This suggests that nitrogenase activity associated with the roots of rice is also in part dependent upon a supply of AND SLOGER Plant Physiol. Vol. 69, 1982 02. Therefore 
